The present investigation focused on determining ionizable iron from legumes, their water soluble protein fraction (albumin), and enzyme hydrolyzed albumin in the presence and absence of external iron. The legumes chosen were decorticated chick pea (Cicer arietinum), green gram (Phaseolus aureus Roxb), lentil (Lens esculenta), and defatted soy (Glycine max merr). Total iron, protein, and ionizable iron were estimated in samples with and without added iron (500 and 1000 µg/g of protein). Protein content of legumes ranged between 22.5-28.5 g/100 g for all except soy (59.6 g/100 g); that of albumin fractions and enzyme hydrolyzed albumin was 82.5-89.1 and 82.5-94.1 g/100 g, respectively. Total iron contents were 5.6, 8.13, 6.25, and 15 mg/100 g for chick pea, green gram, lentil, and soy, respectively, whereas ionizable iron ranged between 0.625-0.813 µg/100 g. On adding external iron, the ionizable iron increased to 719-1445 µg (500 µg/g protein) and 1219-1545 µg (1000 µg/g protein). In albumin fraction of legume, the ionizable iron range (as % of total iron) observed were 28.7-68.0 (500 µg added iron) and 25.0-37.3 (1000 µg added iron). On enzyme hydrolysis of albumin, these ranges were between 256-464 µg/g protein for both levels of added iron. Overall results indicate that ionizable iron from legumes was very low. On adding iron an increase could be seen; however, it was not proportionate to added levels. Better ionizability was observed at a lower level of addition than at higher levels in all samples indicating existence of an optimum level of iron for absorption.
INTRODUCTION
Iron deficiency is the most common and widespread nutritional disorder in the world, with a higher incidence observed in the developing countries. The major contributing factors for this are said to be inadequate intake of iron, low bioavailability (1-6%) of dietary iron from plant foods due to inhibitory factors, [1] low levels of absorption enhancers in the diet, repeated pregnancies in women, increased requirements during growth and development among children and adolescents, parasitic infestations, and chronic blood loss. [2] Legumes and cereals are dietary staples of many populations, especially in developing countries in Asia, and supply the major part of the energy and protein requirements. Because legumes have higher amounts of the essential amino acid lysine and improved
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protein efficiency ratio (PER) compared to wheat [3, 4] and other cereals, it is the preferred source of protein among plant source foods.
Iron deficiency is common in these areas even though the dietary iron content may be adequate as all of the ingested iron is not available for absorption. Hence, knowledge of available or ionizable iron from foods or diets can help in improving the iron nutriture of populations. Studies on bioavailability of iron indicate poor absorption from most cereals with the exception of highly refined wheat. [5] Legumes contain more iron than cereals, but its bioavailability in humans has not been examined carefully. Many investigations demonstrate that iron absorption from soybeans and soy protein products is low. [6] [7] [8] [9] [10] [11] One of the factors, which appear to play an important role in iron absorption, is the amount and type of protein. [12, 13] Since legumes also contain a high quantity of protein, almost 2-3 times that of cereals, it could be one of the factors interfering with iron absorption.
The objective of the study was to determine ionizable iron from legume flours in the presence and absence of added iron. Ionizable iron was also determined in albumin fraction of legumes and partially hydrolyzed albumin fraction from legumes.
MATERIALS AND METHODS
The chemicals, used for the study, namely, sodium hydroxide, boric acid, sulphuric acid, potassium persulphate, potassium thiocyanate, acetone, ferrous ammonium sulphate, hydrochloric acid, hydroxylamine hydrochloric acid, anhydrous sodium acetate, and acetic acid were of analytical grade and were procured from E-Merck (Mumbai, India) and Qualigens Fine Chemicals (Mumbai, India). The enzymes used for the study were pepsin (Batch No. 3-0060) and pancreatin (Batch No. 0-0864) from Himedia Company (India) and α,α bipyridyl from Sigma Chemical Co. (St. Louis, MO, USA). The iron compound selected for addition was FeSO 4 from Sigma Chemical Co. (St. Louis, MO, USA). The food legumes selected were decorticated (without husk) green gram (Phaseolus aureus Roxb), chick pea (Cicer arietinum), lentil (Lens culinaris L.), and defatted soy flour (Glycine max merr), which were purchased from the local market, cleaned free of dirt and foreign material, converted to flour, sieved through a sieve (mesh size 60 µ), and stored in an airtight container. The study design involved determination of ionizable iron in legume flours and in albumin fractions with or without externally added iron. The levels of iron chosen for addition were 500 µg and 1000 µg/g of protein. These were based on the protein iron ratios of recommended dietary allowances for Indians (for example, a typical adult diet will have 60 g of protein and 30 mg of iron, so based on this, 500 µg iron/g protein was taken). The next level selected, 1000 µg iron, represented double the ratio to signify extra iron intake as recommended in cases of deficiency or through intake of fortified foods.
Extraction of Albumin Fraction
Water soluble protein fraction, albumin was extracted from legumes using the following procedure: legume flour was mixed with glass double-distilled water (ratio, 1:10), extracted in a shaker for 60 min at room temperature, and supernatant separated by centrifugation at 1960× g for 20 min. The pH of the mixture was brought down to 4.0, the isoelectric pH using 0.1 N HCl, which precipitated protein, and centrifuged again. The residue was separated and dried in a hot air oven for 24 h at 40
• C and stored in an airtight container. [14] Partially Enzyme Hydrolyzed Albumin
The procedure followed for extraction of partially hydrolyzed albumin was as given above except that 0.01% pancreatin was added to the slurry during the first step of extraction to facilitate hydrolysis of protein.
Analysis
All analyses were carried out in duplicate samples using two separate replicates, thus representing four recordings. Legume flours, albumin fractions, and enzyme hydrolyzed albumin were analyzed for protein content. The estimation of nitrogen was done by micro Kjeldhal method using a nitrogen distiller. The protein content was determined by multiplying the nitrogen value with 6.25. [15] The sample was charred and incinerated in a muffle furnace at 600
• C for 6-8 h and dissolved in glass double-distilled water for preparation of mineral solution. [15] Total iron was estimated in the mineral solution by Wong's method. [16, 17] For estimation of in vitro ionizable iron, 4.0 g of legume flour was extracted in 25 ml pepsin-HCl (1% pepsin in 0.1 N HCl). The pH of the mixture was adjusted to pH 1.35 with 0.1 N HCl and incubated at 37
• C in a metabolic shaker water bath for 90 min. The mixture was centrifuged (models R-24 and R-23, Remi, Bangalore, India) at 705× g for 45 min. Then 10 ml of protein precipitating solution (10 g hydroxylamine hydrochloride, 10 g TCA, and 10 ml of 37% HCl made up to 100 ml) was added to the supernatant and heated in a boiling water bath for 10 min and centrifuged at 2820× g for 15 min. The pH was adjusted to pH 7.5 with 0.1 N NaOH and centrifuged at 705× g for 45 min. The centrifugate was filtered through Whatman No. 44 filter paper and made up to 50 ml. [18] An aliquot of 10 ml extract was taken and 1.0 ml of hydroxylamine hydrochloride solution (10% hydroxylamine HCl in water), 5.0 ml of acetate buffer (8.39 g anhydrous sodium acetate + 12 ml glacial acetic acid made up to 100 ml with water), and 2 ml of α-α-bipyridyl (0.2% α-α-bipyridyl in water) was added and volume was made up to 25 ml. The intensity of color was read at 510 nm in a spectrophotometer (model UV/VIS-108, Systronics Co. Ltd. Ahmadabad, India). The concentration of ionizable iron was read from a standard curve of ferrous ammonium sulfate solution. [19] This method proposed by Rao and Prabhavati [18] is based on the principle that ionizable iron at pH 7.5 is equal to physiologically available iron, and a high correlation was observed between in vitro and in vivo available iron by this method (r = 0.9995). The method was further validated by demonstrating an increase in absorbable iron in the presence of meat and ascorbic acid and a decrease in the presence of inhibitory factors like tannin. Based on this correlation, bioaccessible iron was determined in samples by computing the ionizable iron values using a prediction equation (Y = 0.4827 + 0.4707X, where Y is the percent iron absorption in adult men and X is the percent ionizable iron at pH 7.5). Mean and standard deviation for all data were computed and analysis of variance was used to determine the significant differences in samples, if any, using statistical software SPSS (version 10, SPSS Inc., Chicago, IL, USA).
RESULTS AND DISCUSSION
The protein and iron content of legume flours and bioaccessible iron are presented in Table 1 . The protein content of legume samples varied between 22.50 to 28.56 g/100 g for chick pea, green gram, and lentil, whereas defatted soy flour had a higher value of 
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.69 g/100 g of sample.
The analyzed values were close to the values reported by Gopalan et al. [20] for Indian foods. Ghavidel and Prakash [21] reported the protein content of whole green gram to be 27.70; whole lentil, 26.50; and whole chick pea, 22.10 g/100 g. Khatoon and Prakash [22] also reported protein content of the above legumes in decorticated form and the values were 24.50, 24.40, and 22.20 g/100 g, respectively. The protein content of full fat soybean is reported to be 43.30%; [20] however, in the present study, the protein content was higher because defatted soy flour was used. The iron content of soy flour was highest at 15.00 mg/100 g, and the rest of the samples had a lower range of iron.
Comparison of the iron content in raw legumes analyzed in the present study with previously published data (converted to units used in this article for ease of comparison) shows that our values are in the range of published iron contents in dehusked chickpea/Bengal gram (4.60-8.09 mg/100 g), [22] [23] [24] [25] [26] [27] lentils (6.08-12.20 mg/100 g), [24, [27] [28] [29] and green gram (5.30-9.05 mg/100 g). [22, 26] For full fat soy flour, the reported values were in the range of 6.64-10.40 mg/100 g. [20, 28] The ionizable iron of legumes was found to be very low in all samples ranging from 0.625 to 0.813 mg/100 g. Soy had the least ionizable iron of 0.625 mg despite having a higher total iron of 15 mg. These results indicate that legumes are only a fair source of available iron. When the ionizable iron was calculated as µg per g of protein, interestingly the values were very close to each other ranging from 28.44 to 30.53 µg/g of protein for chick pea, green gram, and lentil. In the case of soy, this was found to be very low at only 10.5 µg iron/g of protein. When considered as percent bioaccessible iron, the results supported earlier findings. [21, 22, 26] The bioavailable iron of whole legume as percent of total iron reported by Ghavidel and Prakash [21] was 10.90% for green gram, 10.20% for lentil, and 4.68% for chick pea. Khatoon and Prakash [22] reported that 12.70 and 11.50% of total iron was bioavailable from green gram and chick pea, respectively. In the present study, around 10-13% of total iron was bioaccessible in green gram, lentil, and chick pea, whereas in soy only 4.2% of total iron was bioaccessible. This shows that though soy is a rich source of iron, it is not useful in improving iron nutrition since iron is not absorbed. Schricker et al. [6] reported that iron availability was lower in meals containing soy products in comparison to meals that did not contain soy, and bioaccessible iron decreased further with increasing soy protein concentration. They suggested that iron availability from soy could be affected due to the presence of large molecular-weight (>6000 kd) soluble and/or insoluble compounds, possibly protein in nature.
In vivo studies by other scientists have also demonstrated that the bioavailability of non heme iron is appreciably reduced when meat protein in a hamburger meal is replaced by soy flour. [10, 30] It was also suggested that the low iron absorption in soy could be because of phytic acid content of soy. [31, 32] However, Hurrell et al. [7] removed almost all the phytic acid from soy-protein isolates and observed an increase in iron absorption, but the absorption was only half of what was observed for an egg white control meal, indicating that soy protein itself was inhibitory to iron absorption.
The ionizable iron from legume samples in the presence of added iron was also determined and the results are presented in Table 1 . The total iron content of samples ranged from 719.0-796.1 µg/g of protein on addition of 500 µg of iron. The ionizable iron per g of protein was the least in chick pea at 31.5 µg followed by green gram and soy, both at 37.50 µg, and highest for lentil at 156.3 µg. Among all the legumes, lentil had the highest bioaccessible iron. When compared with availability of intrinsic iron, it can be seen that the percentage of ionizable and bioaccessible iron decreased for chick pea and green gram, but increased slightly for soy and considerably for lentil. These results indicate that in certain legumes, iron added at the level of 500 µg/g of protein did not make any difference, whereas in others the availability increased tremendously. These can be attributed to the compositional differences in individual legume proteins, which influence the bioaccessible iron. The availability of iron from chick pea, green gram, and soy was extremely low. In the case of chick pea and green gram, it was much less than the iron available from flour as such in the absence of external iron. Though there was no change in absolute iron values, the percent digestibility decreased. In soy, the absolute amount and percent digestibility increased slightly, whereas in lentil both absolute amount and percent digestibility enhanced significantly.
When the amount of iron added was 1000 µg/g of protein, there was a concurrent rise in the total iron content of all the samples. The ionizable iron content exhibited an increase in all samples in comparison to the samples with 500 µg of added iron. The values were closer to each other (45-50 µg) for chick pea, green gram, and soy. For lentil, it was very high at 272.5 µg. These results also confirm the varying responses of legume protein to added iron. When the bioaccessible iron is considered as percent of total iron in this category, surprisingly the percent availability remains almost similar to samples wherein 500 µg of iron was added.
To investigate whether it is predominantly the protein fraction of legumes that influences iron bioaccessibility, the ionizable iron from isolated albumin fractions in the presence of two levels of added iron was determined. The results are presented in Table 2 . The water soluble protein fractions that were extracted from legume flours had a very high content of protein ranging from 84.21 to 89.19%. On partial enzyme hydrolysis, the albumin fraction had slightly higher values of protein for chick pea, green gram, and lentil, whereas for soy it was slightly less. This could have been due to partial unfolding of polypeptide chains of protein due to enzyme action, which results in higher extraction of protein in enzyme hydrolyzed samples, though differences were non-significant. The absolute amount of iron ionizable from albumin fraction was quite high in comparison to legume flours as such. Among all samples, soy surprisingly exhibited a high ionizability of iron corresponding to 68% of total iron. In green gram and lentil, 63.1 and 51.2% of total iron was ionizable, respectively. This was in contrast to what was seen earlier with flour 1548 ADELPILEROOD AND PRAKASH Figures in parentheses indicate ionizable iron as percent of total iron. Significant differences between ionizable iron contents of legumes with two levels of added iron on application of students 'T' test: * P ≤ 0.05; * * P ≤ 0.01; * * * P ≤ 0.001; ns: not significant. samples. Chick pea was lowest at 128.3 µg (25.7% of total iron). On addition of 1000 µg of iron to the albumin fraction, an increase was observed in absolute values in chick pea and green gram, and a slight decrease was observed in lentil and soy. When ionizable iron was considered as percent of total iron, the results varied for each legume; chick pea remained similar but all others decreased considerably. These results indicate that adding extra iron reduced the percentage of iron that could be ionized; hence, the amount of iron actually absorbed remains the same. These observations are of practical significance in foods fortified with iron wherein there is a possibility that iron absorption may reach an optimum level and would not go beyond that even in the presence of extra iron.
It was also observed that the added iron was available to a larger extent from the albumin fraction than from the flours. This could be related to either the compositional structure of protein in native flour or presence of other inhibiting substances in legumes, such as tannins, phytic acid, dietary fiber, and oxalates. It may be also noted that albumin fraction was separated at acidic pH, which is highly conducive to solubilize iron and increase digestibility. For comparison between two levels of iron added to albumin fraction, Student's t-test was done and the differences were not significant (P value = 0.162).
It was also interesting to investigate whether proteins can inhibit iron absorption only in the native state or can they also have similar action in the denatured peptide forms. So, the albumin fraction was partially hydrolyzed by pancreatin and used for determination of iron availability. On addition of 500 µg of iron, more than 90% was found to be ionizable in chick pea and green gram. In lentil the value decreased to 64.4% of total iron and in soy it was lowest at 53%. The bioaccessible iron was in the range of 25.4-44.2% and followed the order chick pea < green gram < lentil < soy. On addition of 1000 µg iron, the values were almost similar to what was observed in the former (500 µg addition). However, when considered as percent of total iron, the absorption was very much lower. From chick pea and green gram, only 45% of total iron could be absorbed-from lentil it was 31.7% and from soy 25.5%.The differences between ionizable iron contents of legumes with two levels of added iron were marginally significant (P value = 0.022). These results again confirm that the amount of iron available reaches a maximum level beyond which it cannot be increased. Enzyme hydrolysis definitely increases the iron bioavailability confirming the observation that proteins in the native form could have inhibited the native as well as the added form of iron. Analysis of variance (Table 3) between legume flour, albumin fraction, and enzyme hydrolyzed albumin for bioaccessible iron indicated that there was a highly significant difference in bioaccessible iron values of samples with a level of 500 µg iron (P ≤ 0.01) and 1000 µg added iron (P ≤ 0.001).
CONCLUSION
The major observation of the study can be summarized as follows: the iron availability from legumes as determined by the proportion of iron that could be ionized in general was quite low and in particular was very low for soy. The addition of iron at the 500 µg level did not improve the availability of iron from chick pea and green gram and a slight increase was observed in soy. Lentil exhibited higher iron bioavailability in the presence of iron. Increasing the amount of iron at the 500 mg level increased the absolute amount, but the percent availability remained the same. Bioaccessible iron from the isolated albumin fraction of legumes was definitely higher but did not show a proportionate increase on addition of external iron. On enzyme hydrolysis, most of the added iron could be absorbed at the 500 µg level in chick pea and green gram. However, it was lower for lentil and soy. In enzyme hydrolyzed albumin, there was a significant difference in bioaccessible iron between samples with two levels of added iron. There were significant differences in the extent of bioaccessible iron between two levels of added iron in all samples. It can be concluded that although the absorption of native iron from legumes was low, added iron could enhance the amount of absorbable iron to a certain extent. Lower levels of addition were better for absorption as indicated by existence of an optimum level of bioaccessibility.
